In this work we couple silicon nanocrystals (Si NCs) with strong quantum confinement (< 4 nm diameter) with large grained MAPbI 3 films combining the perovskites excellent transport properties with the unique optoelectronic properties of quantum confined Si NCs. The electronic structures of MAPbI 3 and Si NCs, ideally aligned to form a type-I heterojunction, demonstrated improved carrier collection through a higher short-circuit current density (~20 mA cm ) measured in photovoltaic test devices. The addition of p-and n-doped Si NCs within the MAPbI 3 films also showed unexpected and interesting device performance improvements, where the typical perovskite degradation process in ambient conditions was considerably slowed down and the overall device efficiency was observed to increase under light soaking. We attribute these improvements to the presence of Si NCs, which helped maintain the perovskite film qualities for more than 14 days in open atmosphere.
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Introduction
Organic-inorganic halide perovskites have received great interest in opto-electronic applications due to their high absorption of light, increased diffusion lengths and low exciton binding energies and were therefore successfully exploited for high efficiency solar devices [1] [2] [3] . These perovskites contain a small organic cation (CH 3 NH 3 + ) at the core which is surrounded by octahedral network made up of a metal cation (Pb 2+ ) and a monovalent halide anion (I -). Despite the large rise in efficiency of perovskite devices, a number of problems concerning the operation and stability are a major factor in the feasibility of large scale roll out. The hysteresis phenomena commonly observed has been related to a number of internal mechanisms that act concurrently such as trapping of charge carriers, [4] reorientation of ferroelectric organic cations, [5] polarization and ion migration [6, 7] . Additionally exposure to atmospheric conditions and highly humid environments are detrimental to perovskites chemical stability. Methylammonium lead iodide (MAPbI 3 ), despite displaying the most favourable properties, also displays the most rapid chemical degradation which can occur through a number of pathways. The initial step in the degradation process is understood to be the deprotonation of MA cation that stems from weak hydrogen bonding with the PbI 6 network [8, 9] . The PbI 6 octahedral is rearranged due to the loss of I atoms to MAI and HI components that allows for a PbI 2 crystal seed to form [10] . The breakdown of the perovskite structure and consequently their enhanced opto-electronic properties is a limiting factor for use in long term solar cells applications. Quantum dots (QDs) have suffered and slowed in their development for solar cell applications as a direct consequence of the recent perovskite trend. Their unique opto-electronic properties based on quantum confinement effects make them ideal for a range of applications such as bio-imaging, drug delivery, LEDs as well as solar cells [11] [12] [13] . Quantum confinement effects (QCEs) generally lead to a widening of the material bandgap that allows tuning of bandgap energy as a function of particle size [14] . Another QCE is the increase in oscillator strength that is expected to result in higher absorption coefficients and for instance impact at a larger extent the indirect bandgap of materials such as Si [15, 16] . Because of the dominance that Si has shown in the opto-electronic industry over recent decades, silicon QDs, or nanocrystals (Si NCs), and their associated properties are of great interest. One of the most exciting phenomena that has been demonstrated in Si NCs is carrier multiplication (CM), which has the possibility of increasing the theoretical limit of photovoltaic cells up to 42% [17, 18] . Coupling of different materials can produce interesting composites that may lead to new properties and interesting synergies. While bulk silicon-MAPbI 3 planar junctions have been reported, [19] the use of quantum confined Si NCs in the MAPbI 3 matrix has not been investigated; in comparison to bulk silicon, in addition to offering the opportunity for complete new device architectures, the properties of Si NCs also make available new mechanisms for carrier generation and dissociation. The potential interactions between the complex perovskite structure and small size Si NCs could allow for new phenomena, where recently an exciplet state was observed between PbS QDs and perovskite films that are promising for intermediate band gap solar cells [20] .
In this work, efforts were made to mix both p-doped (p-) and ndoped (n-) Si NCs in MAPbI 3 films at a small weight ratio (10:90). The motivation for studying this composite perovskite-Si NCs films was the atypical band alignment forming a type-I heterojunction, which has not been predominantly utilized and is believed to represent a novel approach to the wider family of QD solar cell device architectures. A type-I alignment leads to the possibility of enhanced carrier extraction and in general synergies between the respective materials qualities (e.g. carrier multiplication for Si NCs and exceptional transport for perovskites). Our work has also revealed additional advantages (i.e. moisture resistance and stability) where our devices made of perovskite/Si NCs composites also presented better resistance to moisture and improved stability compared to the perovskite-only devices.
We report a detailed materials characterization of the composite films and we have studied the films properties through test photovoltaic device structures. The electronic band structure for doped Si NCs and MAPbI 3 was experimentally determined using a combination of techniques revealing type-I band alignment. Detailed chemical analysis performed for composite MAPbI 3 /QD films highlighted changes in surface chemistry that improves MAPbI 3 film stability in ambient conditions. The photovoltaic performance of test structures with MAPbI 3 films and composite MAPbI 3 +doped Si NC films were measured under light soaking conditions (0-8 min) to determine changes in light response over time. Subsequently, JV measurements are taken after 7 and 14 days in ambient atmosphere to determine effects of aging and highlight the complementary role that Si NCs play in creating more stable devices.
Experimental section

Synthesis and characterization of Si nanocrystals, MAPbI 3 films and composite films
Boron-doped silicon wafers (0.1 Ω cm, 0.5 mm thickness) and phosphorous-doped silicon wafers (0.1-0.5 Ω cm, 0.5 mm thickness) were used during an electrochemical etching process to synthesise ptype and n-type Si NCs. Both p-and n-Si NCs synthesized with this method and used in this work have been characterized extensively by our group where a typical size distribution is < 10 nm and show strong quantum confinement [21] [22] [23] . Representative transmission electron microscopy (TEM) images along with particle size distributions are presented in the Supporting information. TEM analysis was done using a JEOL 2100-F electron microscope at an acceleration voltage of 200 kV. Both p-and n-Si NCs where drop casted from colloidal solution following an ultra-sonication process and tranferred onto a carbon holey grid. Log normal fits of the distribution gave the mean particle diameter equal to 1.79 ± 0.88 nm for p-Si NCs and 2.76 ± 1.72 nm for n-Si NCs. High resolution image of single p-and n-Si NCs highlight clear lattice fringes that confirm the crystalline nature of the particles. Methylammonium lead iodide (CH 3 NH 3 PbI 3 ) perovskite powder with 99% purity was purchased from Xi'an polymer light technology. Scanning electron microscopy (SEM) was used to image the surface of MAPbI 3 films that were deposited using a one-step spray technique (see Supporting information). SEM was performed using a JEOL JSM-6010PLUS at 20 kV acceleration voltages. Composite films incorporating perovskite + p-type Si NCs and perovskite + n-type Si NCs were fabricated by mixing with aforementioned perovskite solution at 10% weight percentage (90:10). Prior to mixing both p-and n-type Si NCs underwent an ultra-sonication process to assist in the fragmentation of agglomerates. X-ray diffraction (XRD) analysis (see Supporting information) showed no differences in the corresponding diffraction peaks for the MAPbI 3 films with/without Si NCs. The average crystallite size was determined using the Scherrer's formula, with the pristine MAPbI 3 film giving sizes of 58.21 ± 8.32 nm versus 54.96 ± 5.07 nm for the composite film with p-Si NCs included. A Bruker D8 diffractometer was used for XRD analysis. X-ray photoelectron spectroscopy (XPS) to determine surface chemical composition of the films was performed using an X-ray source Al = 1486 eV) and the Kratos AxisUltra DLD spectrometer with peak fitting performed using Kratos software. Current and voltage were 10 mA and 15 kV respectively with an operating pressure of 10 −9 bar. Specific region scans were performed at a resolution of 0.05 eV and pass energy of 20 eV. Xray spot size and hence capture area is equal to 400 µm 2 with a penetration depth of 10 nm. XPS spectra were calibrated to 284.8 eV according to the C 1s binding energy for adventitious carbon.
Solar cell fabrication and characterization
Glass substrates were purchased from VisionTek which included patterned strips of indium-doped tin oxide (ITO, 150 nm thick, 15 Ω/sq and 2 mm wide). Triethanolamine, titanium isopropoxide purchased from Sigma-Aldrich were used for fabrication of compact TiO 2 blocking layer in solar cell devices. Solution of TiO 2 was created using a mixture of triethanolamine (0.39 g) and Titanium (IV) isopropoxide (1.56 mL) with ethanol (18 mL) before mixing at 40°C for 2 h then left overnight. The solution was then spin coated at 5000 rpm for 30 s on top of the ITO coated glass substrate followed by annealing the film at 400°C for 3 h. Sigma-Aldrich purchased Titanium oxide anatase nanopowder (< 25 nm diameter), was used in the fabrication of a porous layer in the solar cell devices. A solution of 40 mg Titanium (IV) oxide anatase nanopowder and 20 mL of ethanol/DI-water (1:1) was mixed and sonicated for 30 min followed by an additional settling period of 30 min. 400 µL were then sprayed using an airbrush (pro series BD-132) in open atmosphere via nitrogen gas flow at 1 bar pressure positioned 15 cm above a hot plate at 0°angle incident to substrate surface. This method of deposition was first demonstrated in a previous publication by the group [24] . Following deposition, the film is annealed for 1 h at 150°C to form the meso-porous TiO 2 layer. Methylammonium lead iodide (CH 3 NH 3 PbI 3 ) perovskite powder with/without Si NCs as previously described is mixed in dimethylformamide (DMF) at 60°C at 0.125 M (1 M = 0.619.9 g/mL) and sprayed using the same set up. The film is then annealed for 40 min at 100°C. Finally, for use in photovoltaic device, gold (Au) contacts are deposited using a Moorfield minlab DC/ RF magnetron box sputter system using argon plasma at constant current of 0.15 A for 60 min with a working pressure of 1.5 × 10 −2 mbar.
Current density-voltage (JV) curves of devices incorporating sprayed MAPbI 3 films were recorded by a Keithley 6430 sub-FA sourcemeter unit under illumination 1.5 AM in air at ambient temperature. The applied bias varied from − 1 V to1 V in steps of 0.01 V at a scan rate 700 mV s −1 consistently for all devices.
Energy band diagram measurements
The Fermi level measurements were characterized using a scanning Kelvin probe system (KPTechnology) across an area on the samples surface and presented as a 3D map. Ultraviolet-visible (UV-Vis) absorption measurements are carried out using a deuterium-halogen light source and an integrating sphere. XPS was also used to determine the valence band edges of the materials.
Results and discussion
Chemical analysis and stability of MAPbI 3 + p-and n-Si NC Films
We first analyse the chemical properties of the composite films made of MAPbI 3 + Si NCs (p-and n-type) and compare them with MAPbI 3 -only films. X-ray photoelectron spectroscopy was used to determine the chemical composition of the films which were spray deposited on glass substrates. Specific core level scans were performed for C 1s, O 1s, Si 2p, N 1s, Pb 4f and I 3d regions and fitted using Gaussian line shapes after linear background subtraction. Fig. 4a shows the atomic concentration for each core level region which was determined from the integrated area under their peaks and plotted for MAPbI 3 , MAPbI 3 + p-Si NCs and MAPbI 3 + n-Si NCs. There are three noticeable changes in the atomic concentrations as a consequence of adding doped Si NCs to the sprayed MAPbI 3 solution; these are highlighted with an '*' in Fig. 1a and correspond to C 1s (far left), O 1s (left), Si 2p (centre) and I 3d (far right). Firstly, as expected, the atomic concentration of Si 2p increases for both MAPbI 3 films after the addition of p-and n-Si NCs. Secondly, the contribution of the C 1s core level, typically made up of surface adsorbed hydrocarbon bonding arrangements, drops considerably after adding both p-and n-Si NCs (far left Fig. 1a ). The O 1s component almost doubles in concentration after adding the Si NCs and is expected to be due to surface oxidation of the NCs. Finally the concentration of iodide relative to the lead component of the perovskite increases (far right Fig. 1a ).
The C 1s spectra shown in Fig. 1b can be de-convoluted into 3 peaks at 284.8 eV, 286 eV and 287 eV that are assigned to sp 2 carbon (C-C) from surface adsorbed species, carbon bonded with nitrogen (C-N) that is ascribed to the perovskite organic core and carbon singly bonded with oxygen (C-O), respectively [25, 26] . The addition of doped Si NCs in MAPbI 3 was observed to lower significantly carbon atomic concentration and deconvolution of the C 1s spectra shows clearly that this is exclusively due to reduction of surface adsorbed C-C bonds relative to C-N bonding. Fig. 1c highlights changes in I/Pb atomic mass concentrations where I:Pb atomic mass ratios were calculated to be 2.81 for MAPbI 3 , 3.41 for MAPbI 3 + p-Si NCs and 3.67 for MAPbI 3 + n-Si NCs (Fig. 1c) . Typically a 3:1 at. concentration ratio for I:Pb is expected in the stoichiometric perovskite crystal but slightly lower values are characteristic for samples prepared in atmospheric conditions, due to the rapid degradation pathways in ambient air. For MAPbI 3 films that have been sprayed from a solution with Si NCs included, the I:Pb atomic concentration ratio well exceeds the predicted values. At the same time the ratio for C-C/C-N atomic concentrations of composite films is lower due to a more iodide concentrated surface (Fig. 1c) . Fig. 2 compares core level scans for a) Si 2p, b) O 1s and c) N 1s for MAPbI 3 and MAPbI 3 with doped Si NCs. Core level spectra for Si 2p in the MAPbI 3 only film has been included to confirm the non-existence of silicon (Fig. 1a) [27] . It is evident that there has been some oxidation to both pand n-Si NCs during the deposition process that would have been assisted by the MAPbI 3 annealing process. The O 1s spectrum for MAPbI 3 film (Fig. 2b) show expected peaks at 532 eV and 533.8 eV that can be assigned to oxygen doubly bonded with carbon (O˭C) and oxygen doubly bonded with a carboxyl (O˭C-O), both due to adsorbed atmospheric hydrocarbons [28] . The peak at lower binding energy 530.5 eV (O′) is due to intercalated OH -/O 2-, [28, 29] signifying early chemical degradation of crystal structure in agreement with the I:Pb atomic mass ratio of below 3 that was determined. The O 1s for MAPbI 3 + p-Si NCs and MAPbI 3 + n-Si NCs is fitted with only a single peak located at 533.1 eV and is assigned to Si-O bonding from SiO 2 [30] . Fig. 2c shows the N 1s spectrum for MAPbI 3 and shows a distinct peak at low binding energy with a more intense peak and shoulder peak shifted to higher energies. The low binding energy peak at 399.7 eV is associated with nitrogen singly bonded to carbon (-N-H) with two peaks at 401.1 eV and 401.9 eV corresponding to N-H 2 and N-H 3 singly bonded to carbon, respectively [31, 32] . The weak hydrogen bonds in the protonated MA + ion (CH 3 NH 3 + ) is typically the source of chemical decomposition in MAPbI 3 and the ratio of NH 2 bonds to NH 3 is confirmation that some degradation of organic core has occurred. The N 1s spectra after mixing p-and n-Si NCs in the MAPbI 3 film where the intensity of peak assigned to NH 3 bonding has increased relative to deprotonated NH 2 component. The addition of a small shoulder peak at binding energy 402.5 eV is traditionally credited to nitrogen atoms bonded to oxygen atoms (N-O), [33, 34] proposing that some bonding of perovskite's organic core and Si NCs may be present through an intermediate oxide bond (N-O-Si). Comparison between spectra relating to Pb 4f and I 3d regions (not shown) showed no noticeable broadening of signal or shifts in binding energy, suggesting that Pb-I network does not interact chemically with the p-and n-Si NCs. Fig. 3 shows XPS chemical analysis that has been carried out up to 14 days for both MAPbI 3 only and MAPbI 3 with Si NCs films where only MAPbI 3 + p-Si NCs are shown for simplicity; this highlights the changes in atomic concentration due to aging in atmosphere. The chemical decomposition of MAPbI 3 in ambient conditions is well understood and studied. With atomistic simulations and experimental data stating that deprotonation of the MA cation to form CH 3 NH 2 is the initial first step as a consequence of intercalated moisture or oxygen species [35] . Further breakdown of the perovskite results in evaporation of NH 2 and HI components which is evident from the large decrease in both C 1s and N 1s after 7 days (Fig. 3a) , due to the loss of C-N bonding. A small increase is observed for O 1s which is due to the increase in weakly adsorbed OH -and O 2-ions associated with the peak at 530.6 eV found in the O 1s spectrum (Fig. 3b) [28, 29] . Both Pb 4f and I 3d concentrations increase over time and is almost certainly due to the surface loss of the MA and HI species, leaving PbI 2 . Examination of the change in I:Pb atomic concentration ratio over the 14 day period shows a decrease from 2.8:1 to 2:1 that is associated with PbI 2 formation (see Supporting information). The degradation pathway for MAPbI 3 + p-Si NCs in atmosphere follows similar trends in comparison with C 1s and N 1s decreasing, however it is obvious that the gradient has reduced (Fig. 3b) . The Si 2p atomic concentration is initially above 10% and increases slightly over time, likely again due to evaporation of MA and HI species and making Si NCs more concentrated at the films surface. Most noticeably is the large increase in O 1s concentration that is due to continued oxidation of the p-Si NCs at the surface of the composite film; in addition the reduction of the I:Pb concentration ratio is slowed down that remains close to 3:1 after 7 days and drops to around 2.6:1 after 14 days (see Supporting information). The slowed chemical decomposition of MAPbI 3 is attributed directly to the introduction of p-Si NCs throughout the film and their affinity for absorbing oxidizing species. Fig. 3c depicts and summarizes the chemical changes at the surface of the perovskite-only films and that of the composite films. We should highlight that XPS can only probe the state of the surface of the films; therefore this analysis relates to the top 5-10 nm (XPS penetration depth) of the films and that we should expect the underlying bulk film to be less affected by ageing. Analysis of the MAPbI 3 + p-and n-Si NCs surface by XPS showed a significant decrease in C 1s concentration and increase in the relative ratio of C-N to C-C bonds, signifying a more stoichiometric surface. Furthermore, underlining the reduced surface decomposition was the extremely high I:Pb atomic concentrations for MAPbI 3 + p-and n-Si NC films, that well exceed that expected for MAPbI 3 films produced in atmosphere. Extra iodide in films has previously been explained as being trapped in the form of triiodide (I 3 -) or
[PbI 6 ] 4-ions [36] . The degradation mechanism for MAPbI 3 in atmosphere has been covered in detail and is initiated with the deprotonation of NH 3 bond in the perovskites organic core [37] . The N 1s spectrum for MAPbI 3 films after addition of p-and n-Si NCs increased NH 3 bonds relative to NH 2 , in contrast with MAPbI 3 only films that were made up primarily of NH 2 and NH x bonding arrangements. An additional peak in the N 1s region at binding energy 402.5 eV was assigned to nitrogen atoms bonded to oxygen (N-O) which suggests that Si NCs may bond with perovskite's organic core through intermediate oxide bonds (N-O-Si). Si NCs that are forced to MAPbI 3 grain boundaries or defects in lattice sites may act as passivating or binding agents through these oxide bridging bonds, further limiting the diffusion of moisture and other detrimental species. The increased stability of spray deposited MAPbI 3 + p-and n-Si NC films in comparison with MAPbI 3 only can be accredited to its interaction with oxidized Si NCs, shielding the highly volatile MA cation and maintaining the inorganic PbI framework.
Type-I alignment and electronic band diagram for MAPbI 3 and p-/n-Si NCs
The type-I junction proposed in this work implements two semiconductors within the active layer of the cell architecture where each individual material will be optimized to serve a single function either to absorb photons and generate carriers or to transport carriers to contacts. Fig. 4 shows a schematic of the operation of such a device where the two semiconductors show type-I or nested alignment within the active layer. One semiconductor will make up the bulk of the layer (Fig. 4, transporter) and exhibit enhanced transport properties whereas the other semiconductor (Fig. 4, absorber) will generate carriers. In this unique device structure, each semiconductor can be individually tailored to suit its function and in particular the absorber material is freed from the demanding challenge of meeting transport requirements. In Fig. 4 an example of such device is presented along with an electron transport material (ETL), hole transport layer (HTL), indium tin oxide (ITO) patterned glass and top contact.
For a type-I junction, charge transfer can occur through a number of mechanisms. Firstly electronic coupling (Fig. 4, left) , where excitons/ carriers generated in the wider bandgap absorber are transferred to the adjacent smaller bandgap conduction and valence bands; carrier dissociation/transport then can occur due to the electric field present within the transporter. A second mechanism for charge transfer can occur by optical coupling (Fig. 4, right) with the absorber essentially acting as a down converter for high energy photons, re-emitting at lower energy closer to the bandgap of the transporter. In this mechanism it is therefore important to match the peak photoluminescence (PL) wavelength with the bandgap energy of the transporter. Compared to the use of down-converter layers on top of the active layer, [38] [39] [40] this approach has the added advantage that embedded absorbers are surrounded by the active layer and therefore re-absorption is maximized. Of course, at some degree, electronic-and optical-coupling can co-exist in the same architecture so that both phenomena can take place and losses are minimized. Here we have used our Si NCs/MAPbI 3 composite film for the active layer, where the Si NCs represents the absorber and the perovskite the transporter. In this specific case where perovskites are used as transporter, strong absorption takes place also in this component. In order to verify the possibility of forming a type-I junction we have carried out measurements to determine important parameters of the energy band diagram (band edges and Fermi level) of both Si NCs and MAPbI 3 .
Fermi level measurements were performed using a Kelvin probe system that measures the contact potential difference of the material relative to a known work function reference, gold (− 5.1 eV) in this case. Fig. 5a shows the Fermi level measurements for MAPbI 3 film. Additionally, Fermi level measurements have been taken for p-and n-Si NCs that were synthesized by electrochemical etching, prepared and sonicated in DMF and sprayed onto bulk wafers of the corresponding doping (Fig. 5b-c) . Fermi levels for p-and n-Si NCs compared with the corresponding doped bulk silicon substrate highlights the net energy shift due to quantum confinement. The Fermi levels for MAPbI 3 , n-Si NCs and p-Si NCs lie around − 5.2 eV, − 4.4 eV (vs. − 4.29 eV for the bulk) and − 4.7 eV (vs. − 4.44 eV for the bulk) respectively and are in good agreement with values found in the literature [22] . Fig. 5d displays XPS low binding energy scans that can give insight into valence electrons and the density of states in relation to the Fermi level (E F ). Extrapolating the onset of the XPS signal enables the calculation of the valence band maximum (VBM) energy relative to our experimentally determined Fermi level. Clearly highlighted in the figure, the onset energy for MAPbI 3 is found at 0.6 eV and represents the I 5p non-bonding state with a right shoulder peak around 4 eV that can be assigned to the anti-bonding hybrid state of Pb 6s and I 5p [41, 42] . For p-and n-type Si NCs, the low signal has been increased by a factor of 4 to allow for comparison and shows a signal onset at 0.65 eV and 0.95 eV respectively that is generated from Si 3p electrons. Fig. 5e presents Tauc plots for a MAPbI 3 film along with p-and ntype Si NCs. Absorption coefficients were determined by taking transmission measurements of thin films inside and outside of an integrated sphere in order to account for scattering and reflectance (see Supporting information). For the direct bandgap of MAPbI 3 , the square of the absorption coefficient is linearly dependent on hv at photon energies greater than the bandgap, which in this case is found to be 1.5 eV. Bulk Si has an indirect bandgap of 1.1 eV that widens due to the quantum confinement; in NCs, the bandgap is obtained from the linear dependence of the square root of the absorption coefficient on photon energies below the indirect bandgap [43] . Fitting the most linear section of the spectra for p-and n-type Si NCs, indirect bandgap values of 1.9 eV and 1.85 eV are estimated. Table 1 summarizes the experimentally determined energy band levels for p-Si NCs, n-Si NCs and MAPbI 3 ; the conduction band minimum (CBM) was determined by adding the bandgap (E g ) to the measured VBM. On this basis and after Fermi level equilibration, Si NCs appears to form a type-I junction with the MAPbI 3 film (Figs. 7a and  7b) . However, as we discussed earlier and demonstrated through XPS analysis (Fig. 2a) , Si NCs undergo partial surface oxidation during the fabrication process of the composite. Because Si NCs surface oxidation may impact on the Si NCs energy levels, it is important to evaluate the band energy diagram of the Si NCs once these are integrated in the MAPbI 3 films. For simplicity, here below we will focus on p-type Si NCs again with the expectation that n-type Si NCs will follow a similar trend. Fermi levels and optical bandgap values however cannot be measured directly when the Si NCs are within the perovskite film. Therefore, in order to estimate these values, we have carried out measurements (as in Fig. 5 , see Supporting information) of Si NCs with a different degree of oxidation.
The results are reported in Fig. 6 where the Fermi levels, VBM (determined from XPS and Fermi level measurements) and CBM (determined from the VBM and bandgap measurements) are reported vs. the oxidation degree expressed in terms of the ratio between the XPS Si 0 and Si 4+ peaks. In Fig. 6 we also indicate the oxidation degree of the Si NCs embedded in the perovskite (dashed vertical line) as per our XPS measurements above (Fig. 2a) . By interpolation of the trends, we can therefore estimate the energy band diagram for the surface-oxidized Si NCs when integrated in the MAPbI 3 films (stars in Fig. 6 ): − 6.07 eV for the VBM, − 5.42 eV for the Fermi level and 3.89 eV for the CBM (see also Table 1 , oxidized p-Si NCs). This analysis reveals a few very important points. Type-I alignment is confirmed for both as-prepared Si NCs as well as Si NCs that have undergone oxidation due to the composite fabrication process (Fig. 7c , which depict the equilibrated band diagram on the basis of the values in Table 1 ). Furthermore we can observe from Fig. 6 that for all different degrees of oxidation considered here, type-I alignment would be preserved between oxidized Si NCs and MAPbI 3 . Although at some point, for extended oxidation, type-I alignment would disappear, we should note that Si NCs oxidation is halted because of limited diffusion due to geometrical constraints [44, 45] . A degree of oxidation actually benefits type-I alignment compared to as-prepared Si NCs as the Fermi levels of oxidized Si NCs and MAPbI 3 approach the same value. Furthermore a thin oxide shell can be easily tunnelled through by carriers, decreases Si NCs surface defects and increases the photoluminescence quantum yield, [46] which are all phenomena that contribute to reduce carrier losses. As the composite films are exposed to the environment, we expect Si NCs to have different degree of oxidation, higher at the top of the film and less oxidized in the bulk of the composite film. However on the basis of our analysis, type-I alignment is preserved in all cases.
Based on the finding of Fig. 7 , the wider bandgap of p-and n-Si NCs would act as the absorber generating carriers before transferring either electronically and/or optically to the bulk MAPbI 3 film. While general solar cell devices are based on type-II junctions, we believe that the introduction of a type-I heterojunction can bring greater benefits to overcome intrinsic transport limitation of QD-based solar cells. Type-I alignment also ensures that carriers that do recombine radiatively and would be lost in a standard type-II junction, are effectively re-generated within the transporter. Down shifting may be also important for future, long lasting and stable perovskite solar cells since high energy photons can cause internal stress and strain due the low thermal conductivity in MAPbI 3 films [47] . Since MAPbI 3 bandgap is relatively small (1.5 eV), a large part of the solar radiation is converted into heat which if not dissipated can result in stresses that lead to large decreases in efficiencies. The increased absorption coefficient in Si NCs coupled with their strong PL at energies close to the perovskites bandgap make them ideal for down conversion (see Supporting information) [48, 49] . At the same time, high energy photons absorbed by Si NCs could otherwise generate multiple excitons in Si NCs that would be electronically or optically transferred to MAPbI 3, increasing the quantum efficiency of devices [17, 50] . Since perovskite solar devices have a maximum achievable efficiency of around 31% according to the ShockleyQueisser limit, the inclusion of quantum confined NCs and their unique properties could create interesting 3rd generation solar architectures to overcome this limit.
Carrier extraction in photovoltaic test structures
In order to evaluate the ability of carrier extraction in the composite films, current-voltage measurements were performed for test devices with MAPbI 3 , MAPbI 3 + p-Si NCs and MAPbI 3 + n-Si NCs and measured under continued light soaking from 0 to 8 min. Device test structure layout includes ITO patterned glass with compact TiO 2 layer and TiO 2 meso-porous layer sprayed followed by deposition of main absorber (MAPbI 3 ) and sputtered gold contacts (Fig. 8a) . Since no hole transport material (HTM) was used the FF values were expected to remain low compared to highly efficient MAPbI 3 devices. The FF could be improved significantly by the introduction of HTM, where Spiro-OMETAD particularly in perovskite solar cells has seen efficiencies increase considerably [1, 2] . However, Spiro-OMeTAD was not used to eliminate an additional variable in the time-dependent analysis due to SpiroOMeTAD own degradation process. We should stress that the aim of these test devices was to understand the implementation and carrier extraction capabilities of our type-I composite films and there was no intention to provide record efficiencies for pure perovskite devices. Fig. 8b-d shows the current density-voltage (JV) measurements of the best devices incorporating MAPbI 3 , MAPbI 3 + p-Si NC and MAPbI 3 + n-Si NC films. Devices were illuminated from 0 to 8 min in order to monitor their performance over time and after a short stabilization period. The device that included MAPbI 3 only showed shortcircuit current density around 10 mA cm −2 and 0.8 V at 0 min illumination before continued light soaking up to 8 min decreased the performance by~50% (Fig. 8b) . The introduction of p-and n-Si NCs (Figs. 8c and 8d ) within the MAPbI 3 film increased short-circuit current density in devices to 16 mA cm −2 and 12.5 mA cm
, respectively. Furthermore, photovoltaic performance increased over the short illumination period for devices including p-and n-Si NCs, reaching2 0 mA cm Fig. 9a presents a summary of the device power conversion efficiency (PCE) of all devices at 0 min and after 8 min illumination. PCE of MAPbI 3 devices showed large instabilities over the short time period decreasing from a mean value of 2.64-0.87% (Fig. 9a) . In comparison, MAPbI 3 composite devices that have included p-and n-Si NCs show substantial increases in average PCE from 2.44% to 4.28% and 1.48% to 4.15%, respectively. The incorporation of p-and n-Si NCs within the MAPbI 3 devices exhibits positive light soaking behaviour over the short time period in contrast with MAPbI 3 only devices. As previously discussed the I:Pb atomic mass ratio is increased for MAPbI 3 films with pand n-Si NCs, beyond values typically associated with stoichiometric perovskite (Fig. 1c) , which implies additional iodide is trapped within the films and allows for slower surface chemistry and degradation.
The comparison in PV performance and specifically the light response over time is an important factor in determining the practicability of devices in a real environment. Examining the trends in PV parameters over the illumination period (0-8 min) shows that MAPbI 3 only device drops off in performance. Due to a number of intrinsic phenomena of the perovskites complex structure, JV measurements are typically presented after stabilization period within a short time scale (120 s) [51, 52] . Typically, perovskite based devices that include pristine MAPbI 3 films, fabricated in an inert atmosphere, show rapid increases in performance over this short time period. The reason for the improvement in PV performance is attributed to a number of effects such as polarization, ion migration or trapping/de-trapping of charge carriers that can all act simultaneously [53] [54] [55] . MAPbI 3 films in this study are fabricated in ambient conditions and consequently show surface degradation that does not resemble the stoichiometric crystal structure. The diffusing species and contaminants from the atmosphere immediately cause the I:Pb atomic concentration to lower to 2.8:1 which affects the perovskites JV performance over the illumination period (0-8 min), where a negative trend is observed (Fig. 9a ). This reduction under illumination has previously been attributed to the MAPbI 3 surface degradation which quenches carrier collection at the back electrode [24] . The incorporation of p-and n-Si NCs within the MAPbI 3 films improved Jsc at 0 min illumination however the Voc suffers and reduces to values around 0.6 V (+ p-Si NCs) and 0.45 V (+ n-Si NCs). The losses in Voc, compared to MAPbI 3 -only devices, originate from the alignment of MAPbI 3 with Si NCs where there is potential for low energy barriers at the interfaces and/or the introduction of alternative recombination pathways. Similarly, differences between devices with p-Si NCs and n-Si NCs have to be ascribed to a better type-I alignment for p-type Si NCs as shown in Fig. 7 . It is important to note that these results demonstrate effective carrier extraction in devices with type-I alignment where the short-circuit current outperforms that of MAPbI 3 -only films; also, continued illumination for MAPbI 3 + p-and n-Si NC devices has had positive effects on JV parameters before stabilizing at higher efficiencies (Fig. 9a) . Through detailed surface analysis the role of Si NCs within the MAPbI 3 film is shown to be complimentary due to their hydrophilic nature and high water retention, [56] protecting the hygroscopic MA cation from diffusing moisture [57] . Fig. 9b shows the PCE for MAPbI 3 only devices, along with MAPbI 3 + p-Si NC and MAPbI 3 + n-Si NC devices at 0 days and 14 days in atmosphere. XPS chemical analysis (Fig. 3c) over time showed typical degradation pathways that are expected in MAPbI 3 films, resulting in the formation of PbI 2 at the surface through the evaporation of MAI components. Examining the PCE of the MAPbI 3 -only devices, a 40% decrease in efficiency after 4 days is observed (see Supporting information) and continued aging in atmosphere results in a substantial loss of 80% after a total of 14 days (Fig. 9b) .
Device performance over days
Counter to this, type-I devices with either p-and n-Si NCs within MAPbI 3 films slows this chemical degradation (Fig. 3c) . Moisture within the film results in the oxidation of p-and n-Si NCs at the surface of the film rather than the partial dissolution of perovskite's core that inevitably leads to the breakdown of perovskite lattice. This is evident from XPS measurements over time in atmosphere where Si 2p and O 1s atomic concentrations increased due to the absorption of moisture and oxygen species (Fig. 3b) . As a consequence, the reduction of C 1s and N 1s atomic concentrations due to evaporating MAI component is slowed. As previously discussed, the reduced degradation is corroborated by the I:Pb atomic concentration where after 7 days the perovskite crystal is unaffected (3:1) and drops marginally (2.6:1) after 14 days. The enhanced stability of the composite films with Si NCs is directly linked to the more stable PCE of the type-I devices. After 4 days aging the MAPbI 3 + p-Si NC and MAPbI 3 + n-Si NC devices reduce by 10% and 20%, respectively (see Supporting information) and further aging in atmosphere sees devices only drop by a maximum of 30% (Fig. 9b) .
These composite films show interesting features that encourage more investigation to develop and understand Si NC-MAPbI 3 systems and in general type-I heterojunctions with QDs. Here we have demonstrated that carrier extraction in a perovskite-Si NCs type-I film is possible. In general, the implementation of QDs in devices based on a type-I alignment appear to be a realistic avenue to overcome some of the limitations in QD-based solar cells. A number of improvements in device fabrication, particularly in the selection of the materials are obvious advancements that could allow for efficient and longer lasting QD-based devices. Nevertheless, coupling quantum confined nanocrystals and their unique characteristics with large grained perovskites will lead to interesting architectures and exciting phenomena.
Conclusion
Owing to Si NCs strong absorption of high energy photons and PL close to the bandgap of MAPbI 3 perovskite, efforts were made to investigate the potential coupling of their unique opto-electronic properties in an atypical and novel type-I heterojunction. Using a number of complementing techniques the energy band diagrams for MAPbI 3 and p-/n-Si NCs were determined and potential alignment and charge transfer mechanisms discussed. This demonstrated type-I alignment and the possibility of effective carrier extraction. Detailed XPS also highlighted interesting features in MAPbI 3 surface chemistry as a consequence of mixing with both p-and n-Si NCs. The Si NCs due to their hydrophilic nature absorbed diffusing moisture and became oxidized which consequently slowed the chemical decomposition of MAPbI 3 perovskite. Composite MAPbI 3 /Si NC films were incorporated into solar devices and showed improved PV performance and stability.
Overall the work suggest that a device architecture based on type-I alignment can offer great opportunities for QD-based solar cells in general. The specific implementation of QDs with perovskites also appears to present synergies that can be tuned to enhance both QD and perovskite key features. Si NCs in particular are well suited both in terms of the electronic structure as well as in light of the chemical analysis. In particular the formation of chemical bonds through an oxygen bridge is intriguing and exciting, which could provide unforeseen tunability. Future work will aim to quantify the contribution of Si NCs and their opto-electronic properties within the MAPbI 3 films as well as optimizing the concentration. Type-I alignment therefore opens up a large number of possible work directions for future third generation solar cells. Fig. 9 . a) PCE of MAPbI 3 , MAPbI 3 + p-Si NC and MAPbI 3 + n-Si NC devices at 0 min and 8 min illumination b) PCE of devices at 0 day and after 14 days in atmosphere.
